The existence of 12 C + 16 O molecular resonances at sub-barrier energy has been a significant problem in nuclear astrophysics because they strongly affect the 12 C + 16 O fusion reaction rate in type Ia supernovae and heavy stars. However, experimental surveys have been limited to 4 MeV and cannot access the deep sub-barrier energy due to a very small fusion cross section. Here we predict a couple of resonances with J π = 0 + , 2 + , and 4 + in the deep sub-barrier energy based on the antisymmetrized molecular dynamics calculation that reproduces the known resonances and low-lying spectrum of 28 Si.
previously [2] . In addition, resonances at a higher energy region have also been observed by radiative capture reactions [3, 4] and other reactions [5] . Thus, many experiments have been performed to identify the resonances at thermal energy; however, resonances at deep sub-barrier energy are still unclear. To overcome this problem, we performed the AMD calculation using the effective Gogny D1S interaction [10] . This calculation has already been performed for the low-lying states of 28 Si (the composite system of 12 C + 16 O cluster) [11] . It reasonably described both the oblately deformed ground-state band and a prolate normal-deformed (ND) band. Furthermore, it predicted a superdeformed (SD) band having large overlap with the α+ 24 Mg cluster configuration, which was subsequently identified experimentally [12] . In this study, we extend this calculation to the highly excited states to identify 12 C + 16 O molecular resonances.
To cover the broad model space required to study 12 C + 16 O resonances, we introduce a constraint on the inter-cluster distances which enables us to describe various cluster configurations.
Theoretical framework.-We employ the AMD framework [13] [14] [15] [16] with the Gogny D1S effective interaction [10] , which successfully described the low-lying and superdeformed states of 28 Si [11] . The basis wave function of AMD is a parity-projected Slater determinant of the single-particle wave packets,
where each wave packet ϕ i has the following parameters: Gaussian centroid Z i , width parameter ν and spin direction α i and β i . Note that isospin part is fixed to either of proton (p) or neutron (n). Here, ν is a real vector, and the other parameters are complex numbers. All parameters are determined by the energy variation with two different constraints. The first is a constraint on the quadrupole deformation and the second is on the inter-cluster distance d between 12 C-16 O clusters, and between α-24 Mg clusters. The constraint on the inter-cluster distance naturally yields the clustered basis wave functions handling the cluster polarization effect [17] . After energy variation, the basis wave functions are projected to the eigenstates of the angular momentum and superposed to diagonalize the nuclear Hamiltonian. lated the reduced width amplitude (RWA), which is the probability amplitude to find the clusters at the inter-cluster distance a: thus, the RWA is a good measure for clustering. It is defined as follows: where the bra state is the reference cluster state, in which the 12 C (Φ12 C ) and
clusters are coupled to angular momentum l with inter-cluster distance a. The ket state is the wave function of 28 Si calculated by AMD. Here, Φ12 C and Φ16 O are the (0s) 4 (0p 3/2 ) 8 [18] and (0s) 4 (0p) 12 configurations of the harmonic oscillator potential, respectively. In practical calculation, Eq. (3) was estimated using an approximate method [19] .
Results and discussions.- Figure 1 ( This estimation reasonably coincides with a simple formula, The GCM calculation was performed by superposing these basis wave functions. As discussed in Ref. 11, it reasonably described the low-lying states, i.e., the oblate-deformed ground band and prolate ND band. It also predicted the SD band, which was confirmed experimentally [12] . Following these results, in this study, we focus on the 12 (1) MR1: A group of the highly excited states, which lie at 5 to 10 MeV in the case of the J π = 0 + states, with huge RWA that have a peak at a = 6-7 fm (Fig. 3) . We (Fig. 4) . The B(E2) strengths also suggests that the MR1 states with J π ≤ 6 + can be classified into three rotational bands. However, we also found that the inter-band transitions become very strong for the J π > 6 + states and the band assignment is rather ambiguous for high-spin states.
(2) MR2: In addition to MR1, we found another molecular band which we denote MR2.
MR2 is built on the 0 + state just above the threshold (1.8 MeV). The energy of this band is significantly less than the Coulomb barrier (deep sub-barrier); thus, the RWA of this band is less than the MR1 states but greater than the ND and SD bands (Fig. 3) . Furthermore, the peak position of RWA is at shorter distance (a = 4. 
